Middle East respiratory syndrome coronavirus (MERS-CoV) nsp1 suppresses host gene 25 expression in expressed cells by inhibiting translation and inducing endonucleolytic cleavage of 26 host mRNAs, the latter of which leads to mRNA decay. We examined the biological functions of 27 nsp1 in infected cells and its role in virus replication by using wild-type (wt) MERS-CoV and 28 two mutant viruses having specific mutations in the nsp1; one mutant lacked both biological 29 functions, while the other lacked the RNA cleavage function but retained the translation 30 inhibition function. In Vero cells, all three viruses replicated efficiently with similar replication 31 kinetics, while wt virus induced stronger host translational suppression and host mRNA 32 degradation than the mutants, demonstrating that nsp1 suppressed host gene expression in 33 infected cells. The mutant viruses replicated less efficiently than wt virus in Huh-7 cells, HeLa-34 derived cells, and 293-derived cells, the latter two of which stably expressed a viral receptor 35 protein. In 293-derived cells, the three viruses accumulated similar levels of nsp1 and major viral 36 structural proteins and did not induce IFN-β and IFN-λ mRNAs, however, both mutants were 37 unable to generate intracellular virus particles as efficiently as wt virus, leading to inefficient 38 production of infectious viruses. These data strongly suggest that the endonucleolytic RNA 39 cleavage function of the nsp1 promoted MERS-CoV assembly and/or budding in a 293-derived 40 cell line. MERS-CoV nsp1 represents the first CoV gene 1 protein that plays an important role in 41 virus assembly/budding and is the first identified viral protein whose RNA cleavage-inducing 42 function promotes virus assembly/budding. 43 44 45 46 on August 17, 2018 by guest http://jvi.asm.org/ Importance 47 MERS-CoV represents a high public health threat. Because CoV nsp1 is a major viral virulence 48 factor, uncovering the biological functions of MERS-CoV nsp1 could contribute to our 49 understanding of MERS-CoV pathogenicity and spur development of medical countermeasures.
Downloaded from
previous reports (43, 46) , expression of SARS-CoV nsp1, MERS-CoV nsp1-WT, and MERS-Next, we tested the effect of MERS-CoV nsp1-mt expression on abundance of a host 162 mRNA. First, 293 cells were transfected with the RNA transcripts as described above. 163 Intracellular RNAs were extracted at 9 h post-transfection and subjected to Northern blot 164 analysis using a probe detecting glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 165 ( Fig. 1B) . Reduction of GAPDH mRNA abundance occurred in cells expressing SARS-CoV 166 nsp1 or MERS-CoV nsp1-WT, but not in those expressing MERS-CoV nsp1-CD or CAT (43) . 167 MERS-CoV nsp1-mt expression also did not induce reduction in the abundance of GAPDH 168 mRNA, suggesting that MERS-CoV-mt did not induce the endonucleolytic RNA cleavage to 169 GAPDH mRNA and subsequent mRNA degradation. 170 To establish that MERS-CoV nsp1-mt lacks the endonucleolytic RNA cleavage function, carrying MERS-CoV nsp1-mt by using a reverse genetics system (54). All three viruses 201 replicated efficiently with similar replication kinetics in Vero cells ( Fig. 2A) . Also, all of the 202 viruses accumulated similar levels of viral structural proteins, S, M, and N, nsp1, and virus-203 specific mRNAs at each indicated time point ( Fig. 2B and C) .
204
Next, we examined the effects of nsp1 for host mRNA stability and host protein synthesis radiolabeling experiments showed that replication of MERS-CoV-WT as well as the two mutant 211 viruses induced an inhibition of host protein synthesis. (Fig. 3C ). Although the extent of host 212 translation inhibition induced by these viruses was modest at 24 h p.i., a stronger inhibition of 213 host translation was observed in MERS-CoV-WT-infected cells than in those infected with the 214 mutant viruses at 32 h p.i., suggesting that the strong inhibition of host gene expression was due 215 to a combined effect of the nsp1-mediated RNA cleavage and the translation suppression CoV-WT was statistically ~10 fold higher at peak titers than those of the mutants at 32 h p.i. (Fig.   226 4B). In contrast, the two mutant viruses replicated ~2 logs less efficiently than MERS-CoV-WT 227 in Huh-7 cells at an MOI of 0.01 (Fig. 4B ). The titers of MERS-CoV-WT were statistically 228 higher than those of the mutant viruses from 24 to 48 h p.i. at an MOI of 3 in 293 cells stably 229 expressing human CD26 (293/CD26 cells) ( Fig. 4C ). Likewise, both mutant viruses replicated less efficiently than MERS-CoV-WT in 293/CD26 cells at an MOI of 0.01. MERS-CoV-WT 231 also replicated to statistically higher titers than the two mutants throughout the infection at an 232 MOI of 3 in HeLa cells stably expressing CD26 (HeLa/CD26 cells), while both mutants showed 233 similar titers and replication kinetics. At an MOI of 0.01 in HeLa/CD26 cells, MERS-CoV-WT 234 replicated to higher titers than the mutant viruses after 12 h p.i. Taken together, these data 235 suggested that nsp1 promoted virus replication in a cell type-dependent manner. Accumulation of viral proteins and mRNAs in infected 293/CD26 cells. To discern whether 250 inefficient replication of mutant viruses in 293/CD26 cells was due to poor accumulation of viral 251 structural proteins, we examined the abundance of major viral structural proteins, including S, M, 252 and N proteins. No substantial differences in the accumulation of these structural proteins were noted among cells infected with the three viruses ( Fig. 6A ). The three viruses also accumulated 254 similar levels of nsp1 ( Fig. 6A ).
255
Northern blot analysis showed that accumulation of viral mRNAs were marginally higher 256 in MERS-CoV-WT-infected cells than in cells infected with the mutant viruses ( Fig. 6B) . In 257 addition to eight mRNA species, we noted presence of two additional viral-specific RNA bands, 258 one migrated faster than mRNA 2 and the other migrated faster than mRNA 5, in MERS-CoV-259 mt-infected cells. We also detected another viral-specific RNA band that migrated between 260 mRNA 5 and mRNAs 6/7 in MERS-CoV-WT-infected cells at 24 h p.i. The origins of these viral 261 RNAs are currently unclear, yet they may represent defective RNAs or subgenomic mRNAs.
262
qRT-PCR analyses revealed that mRNA 1 of MERS-CoV-WT accumulated higher abundance 263 than that of MERS-CoV-mt at 8 h, 16 h, and 32 h p.i. and that of MERS-CoV-CD at 32 h p.i.
264
Additionally, the amount of mRNA 8 of MERS-CoV-WT was higher than those of the mutant 265 viruses at 8 and 32 h p.i. (Fig. 6C ). These studies showed that there was a trend that MERS-CoV-
266
WT accumulated higher levels of viral mRNAs than the mutant viruses. the three viruses ( Fig. 6A ). One possible interpretation of these data was that the mutant viruses 286 were able to undergo assembly and budding of infectious virus particles as efficient as MERS-
287
CoV-WT, yet the mutant viruses were unable to efficiently release infectious viruses from 288 infected cells. If this is the case, the titers of the cell-associated viruses would be similar among 289 the three viruses. We found that the titers of cell-associated MERS-CoV-WT were higher than 290 those of the cell-associated mutant viruses at 24, 36, and 48 h p.i (Fig. 8A) . Also, the titers of To test a likelihood of this possibility, we examined abundance of 302 CD26 in infected cells (Fig. 8B ). While replication of the three viruses did not affect the levels of 303 CD26 at 24 h p.i., it caused reduction of CD26 abundance at 36 h p.i. There were no substantial 304 differences in the amounts of CD26 among MERS-CoV-WT-infected cells and mutant virus-305 infected cells at both time points. These data showed that CD26 expression levels did not play 306 significant roles in low titers of cell-associated and cell-free viruses in the mutant viruses.
307
Although infection with the mutant viruses produced low titers of infectious viruses, it is 308 possible that high levels of noninfectious viruses could have been released into the supernatant 309 from the cells infected with the mutant viruses. To test this possibility, we examined the amount 310 of virus particles, including both infectious and noninfectious, that are released from infected 311 cells. We harvested culture fluid from infected 293/CD26 cells, inactivated the released viruses 312 by 60 Co irradiation, purified the virus particles by sucrose gradient centrifugation, and estimated 313 the amounts of the released viruses by Western blot analysis using antibodies detecting S, M, and 314 N proteins. Substantially stronger signals of S, M, and N proteins were observed in the purified 315 virus particles obtained from MERS-CoV-WT-infected cells showed than in those obtained from 316 mutant virus-infected cells (Fig. 8C ), suggesting that the amount of virus particles, including 317 both infectious and noninfectious, released from the mutant virus-infected cells were lower than 318 those released from MERS-CoV-WT-infected cells. As virus inactivation by gamma irradiation 319 is believed to be mainly caused by radiolytic cleavage or crosslinking of genetic material (58-62), 320 we did not examine the amount of viral genomic RNA in the purified 60 Co-irradiated virus 321 particles.
Transmission electron microscopic analysis of infected 293/CD26 cells. To further 324 understand the mechanism of inefficient replication of mutant viruses, we performed 325 transmission electron microscopic analysis of infected 293/CD26 cells (Fig. 9) . We observed the 326 accumulation of intracellular virus particles, with the expected average size, within intracellular 327 vesicles ( Fig. 9A-9C ). We also noted the presence of particles, whose sizes were similar to virus 328 particles, outside of these vesicles, yet the identity of these particles was unclear. Because CoV 329 undergoes assembly and budding of virus particles at ERGIC membranes (20-22) and then 330 follows the secretory pathway for egress (63), these vesicles containing virus particles most 331 probably represented those in the secretory pathway. Counting the number of intracellular virus 332 particles in an arbitrarily selected 30 vesicles for each virus showed the presence of statistically 333 lower numbers of virus particles within these vesicles inside the cells infected with the mutant 334 viruses versus MERS-CoV-WT-infected cells (Fig. 9D) . However, the number of virus particles 335 within these virus-containing vesicles between MERS-CoV-CD-infected cells and MERS-CoV-336 mt-infected cells showed no statistical difference. These data suggested that the mutant viruses 337 were less efficient at production of virus particles, including virus assembly and/or virus budding, 338 than MERS-CoV-WT. Taken together, these data support a notion that the mutant viruses were 339 able to accumulate viral structural proteins as efficiently as MERS-CoV-WT in 293/CD26 cells 340 (Fig. 6A) , whereas they were inefficient for assembly or budding of virus particles (Fig. 9 ). This 341 resulted in low titers of cell-associated viruses (Fig. 8A ) and release of a low number of virus 342 particles (Fig. 8C ), including infectious viruses (Fig. 4C) .
343
As our studies revealed the importance of nsp1 for production of virus particles, we also and translation inhibition functions (Fig.1) . The K181A mutation corresponded to one of the 366 K164A and H165A mutations introduced in SARS-CoV nsp1-mt, which also lacks both RNA with similar growth kinetics in Vero and Calu-3 cells, the two mutant viruses replicated less 380 efficiently than MERS-CoV-WT in 293/CD26 cells, Huh-7 cells, and HeLa/CD26 cells (Fig. 4) . 381 We explored whether induction of type I and/or III IFNs caused inefficient replication of the 382 mutant viruses in 293/CD26 cells, which were competent for induction of IFN- and IFN-λ 383 mRNAs by SeV infection (Fig. 5) . Replication of the three viruses did not induce high levels of 384 IFN- and IFN-λ mRNAs (Fig. 5) , demonstrating that inefficient replication of the two mutant 
393
We observed that nsp1-induced changes in translational activities differed between infected 394 Vero cells (Fig. 3) and infected 293/CD26 cells (Fig. 7) . For each cell line, levels of nsp1 395 accumulation were similar among the three viruses ( Figs. 2B and 6A ), suggesting that the inhibited translation at 24 h p.i. (Fig. 7B) . These data suggest a cell line-specific effect of MERS-406 CoV nsp1 on host gene expression.
407
There was a trend of increased viral mRNA accumulation in MERS-CoV-WT-infected 408 293/CD26 cells than in mutant virus-infected 293/CD26 cells (Figs. 6B, C ), yet the differences in 409 the amounts of viral mRNAs did not determine the amount of viral proteins (Fig. 6A) . As 410 translational activities in 293/CD26 cells infected with MERS-CoV-WT, -CD, or -mt were 411 similar and lower than that of mock-infected 293/CD26 cells at 24 h p.i. (Fig. 7B) , low amounts of viral protein accumulation in the three viruses. 415 We explored the mechanism of inefficient replication of MERS-CoV-CD and MERS-CoV-416 mt in 293/CD26 cells. Low titers of cell-associated and cell-free viruses in mutant virus-infected 417 cells ( Figs. 8 and 4C) were not due to inefficient accumulations of major viral structural proteins 418 and nsp1 (Fig. 6) . The data showing similar levels of CD26 expression in 293/CD26 cells 419 infected with the three viruses ( Fig. 8B ) did not support a possibility that MERS-CoV-WT, but 420 not the mutant viruses, inhibited CD26 expression and prevented interaction of CD26 with 421 intracellular virus particles, which might have induced neutralization of intracellular virus 422 particles and/or inhibition of virus release. Electron microscopic analysis showed less efficient 423 intracellular virus particle accumulation in the virus-containing vesicles in mutant virus-infected 424 cells than in MERS-CoV-WT-infected cells (Fig. 9) . These data strongly suggested that low 425 levels of virus particle accumulation, which was probably due to inefficient virus 426 assembly/budding, in mutant virus-infected cells caused low titers of cell-associated viruses (Fig.   427 8A) and cell-free viruses (Fig. 8B) . The data that MERS-CoV-CD, expressing MERS-CoV nsp1-428 CD lacking the endonucleolytic RNA cleavage function and retaining the translation inhibition 429 function, was inefficient for accumulation of intracellular virus particles strongly suggested that 430 the RNA cleavage function of the nsp1 was required for efficient assembly/budding of MERS-
431
CoV particles. To our knowledge, this is the first demonstration that a CoV gene 1 protein affects 432 efficiency of virus assembly.
433
Several different mechanisms are conceivable for inefficient assembly/budding of the two 434 mutant viruses in 293/CD26 cells. One possible mechanism may be that low accumulation of E 435 protein, which is known to be important for assembly of many CoVs (23, 30, 64), might have occurred in mutant virus-infected cells and prevented efficient virus assembly. Absence of 437 appropriate anti-E protein antibodies prevented us from directly examining this possibility. 438 However, it seems illogical that the loss of the RNA cleavage function of the MERS-CoV nsp1, 439 which did not severely affect accumulation of S, M, and N proteins (Fig. 6A ) and mRNA 6 440 encoding E protein (Fig. 6B) , selectively suppressed E protein expression in mutant virus-441 infected 293/CD26 cells. Furthermore, similar translational activities in MERS-CoV-WT-and 442 mutant virus-infected 293/CD26 cells (Fig. 7B ) did not support a possibility of selective 443 inhibition of E protein accumulation in the mutant virus-infected 293/CD26 cells. We suspect 444 that E protein accumulation was not low in mutant virus-infected 293/CD26 cells.
445
Another possible mechanism for inefficient assembly of the two mutant viruses could be 3,000 rpm for 10 min. The pelleted cells were suspended in growth medium, and lysed by three 580 freeze-and-thaw cycles. After centrifugation at 3,000 rpm for 10 min, supernatant was collected 581 and subjected to plaque assays using Vero cells. 
